The long-lasting changes in synaptic plasticity that underlie learning and memory require changes in neuronal gene expression. Epigenetic mechanisms such as histone modification 1 and DNA methylation are thought to contribute to this adaptive neuronal gene expression [2] [3] [4] [5] . Different histone modifications are associated with various neuronal gene expression states 1 ; moreover, increasing histone acetylation by treatment with histone deacetylase inhibitors promotes recovery of learning and memory in a mouse model of neurodegeneration 6 . However, the function of DNA methylation in the adult nervous system is unclear. The substantial expression of the de novo DNA methyltransferase Dnmt3a and maintenance enzyme Dnmt1 in nondividing neurons 7,8 is intriguing because these two enzymes normally establish and/or maintain DNA methylation patterns in fast-dividing cells. For instance, in dividing cells, Dnmt1 localizes to the replication foci and primarily methylates the unmethylated daughter strand DNA after DNA synthesis so that the parental DNA methylation pattern is maintained in the daughter cells. By contrast, Dnmt3a can establish new methylation patterns in unmethylated DNA regions, as seen in early mouse embryogenesis 9 .
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The long-lasting changes in synaptic plasticity that underlie learning and memory require changes in neuronal gene expression. Epigenetic mechanisms such as histone modification 1 and DNA methylation are thought to contribute to this adaptive neuronal gene expression [2] [3] [4] [5] . Different histone modifications are associated with various neuronal gene expression states 1 ; moreover, increasing histone acetylation by treatment with histone deacetylase inhibitors promotes recovery of learning and memory in a mouse model of neurodegeneration 6 . However, the function of DNA methylation in the adult nervous system is unclear. The substantial expression of the de novo DNA methyltransferase Dnmt3a and maintenance enzyme Dnmt1 in nondividing neurons 7, 8 is intriguing because these two enzymes normally establish and/or maintain DNA methylation patterns in fast-dividing cells. For instance, in dividing cells, Dnmt1 localizes to the replication foci and primarily methylates the unmethylated daughter strand DNA after DNA synthesis so that the parental DNA methylation pattern is maintained in the daughter cells. By contrast, Dnmt3a can establish new methylation patterns in unmethylated DNA regions, as seen in early mouse embryogenesis 9 .
As mice with mutations in any of the three functional Dnmts (Dnmt1, Dnmt3a and Dnmt3b) are not viable 9, 10 , conditional knockout mice have been generated to study the function of DNA methylation in the CNS [11] [12] [13] [14] . Deletion of Dnmt1 in neural progenitor cells causes hypomethylation in postmitotic neurons in the CNS (estimated at ~50% by high-performance liquid chromatography; data not shown). These mutant neural progenitor cells undergo precocious astroglial differentiation 15 and produce hypomethylated neurons with multiple defects in neuronal maturation and synaptic transmission 12, 13 . Although these studies provide ample evidence that DNA methylation is essential in neuronal development and function, they do not reveal the role of continuous Dnmt expression in postmitotic neurons. Indeed, our study of conditional Dnmt1 gene deletion in postmitotic CNS neurons failed to reveal any obvious neuronal phenotypes, such as a loss of DNA methylation in cultured cerebellar neurons or cortical and hippocampal neurons in vivo 11 . Nevertheless, we did observe a moderate effect on cortical neuronal survival in a rodent model of stroke when Dnmt1 was reduced by 50% in postmitotic cortical and hippocampal neurons 16 .
Recently, studies with Dnmt inhibitors in in vitro brain slices or hippocampus in vivo 4, 17, 18 have indicated that DNA methylation might target specific genes involved in synaptic plasticity and learning and memory. However, the potential toxic effects of Dnmt inhibitors on protein translation in non-dividing neurons could complicate the interpretation of those results 19 . The lack of selectivity of Dnmt inhibitors also makes it difficult to correlate specific neural effects with individual Dnmts. Unlike histone modifications, DNA methylation is presumably a more static epigenetic mark and whether DNA methylation undergoes turnover in postmitotic neurons is still under debate 20 . Nevertheless, evidence of selective DNA demethylation in a subset of neuronal gene promoters 2, [21] [22] [23] in the CNS argues for the presence of demethylation activity in neurons.
There is also circumstantial evidence that the de novo methyltransferases Dnmt3a and Dnmt3b are important for neural development and function. ICF (or immunodeficiency, centromere instability and facial anomalies) syndrome, a rare human disorder, is caused by a recessive mutation of the DNMT3B gene 9, 24 . A significant portion a r t I C l e S of ICF patients suffer mental retardation. Gene expression studies have shown that Dnmt3b is highly expressed in the murine neural tube between embryonic day (E)7.5 and E9.5 (ref. 9) , indicating that Dnmt3b might have a role in early stages of neurogenesis. We have shown that Dnmt3a is present in both developing and mature CNS 7 , indicating that it might be involved in the regulation of DNA methylation in both embryonic and adult CNS neurons. Conditional mutant mice lacking Dnmt3a in the entire CNS (Nes-Cre1; Dnmt3a) are born apparently normal but die in young adulthood 14 . These Nes-Cre1; Dnmt3a mutant mice showed a loss of motor neurons in the hypoglossal nucleus and morphological defects in the neuromuscular junctions of the diaphragm, indicating that Dnmt3a contributes to the survival of motor neurons and the maintenance of neuromuscular endplate structure 14 .
In this study, we compare the phenotypes of conditional mutant mice that are deficient for Dnmt1, Dnmt3a or both exclusively in the forebrain postnatal postmitotic neurons. We aim to address whether Dnmt1 and Dnmt3a have a redundant role in the maintenance of DNA methylation pattern in postmitotic neurons. Furthermore, we determine the effects of Dnmt deficiencies on neuronal gene expression, synaptic function, and learning and memory.
RESULTS

Deficits in cell size and neural plasticity in DKO mice
Calcium/calmodulin-dependent protein kinase IIα (CamKIIα) is expressed in postmitotic neurons postnatally 25 . We therefore used the Camk2a promoter-driven Cre recombinase (Camk2a-Cre93) to induce Dnmt gene deletion in postmitotic neurons in the CNS. This Camk2a-Cre93 transgene can induce specific gene deletion in excitatory neurons in the mouse forebrain shortly after birth because its expression peaks within 2-3 weeks postnatally 11 . Our previous study with a conditional deletion of Dnmt1 in postmitotic neurons did not show any significant alteration in DNA methylation in repetitive elements 11 . To determine whether Dnmt1 and Dnmt3a have redundant roles in the CNS, we made Dnmt1 and Dnmt3a double conditional knockouts (DKO) in addition to single Dnmt1 or Dnmt3a conditional knockouts (SKO). Consistent with the CamKIIα expression pattern, Dnmt1 and Dnmt3a gene deletion was not detected at postnatal day 3 (P3) (Fig. 1a,b) . However, by P14 the levels of Dnmt transcripts were significantly decreased and remained low beyond P30 (Fig. 1a,b) . Immunostaining of Cre recombinase in DKO confirmed that Cre expression was restricted to mature neurons, which is consistent with previous findings showing neuron-specific conditional gene deletion by the Camk2a-Cre93 transgene 11 ( Supplementary  Fig. 1 ). Southern blot analysis also confirmed that the efficiency of the Dnmt gene deletion (Supplementary Fig. 1) was at a constant level (~50% from 1 to 4 months old, as reported) 11 .
DKO mice have normal lifespans and show no obvious behavioral defects in their home cages. On gross histological examination, all brain structures appeared intact (Supplementary Fig. 2) . Using stereological protocols, we measured hippocampal volumes in control and mutant mice. Although we found no abnormalities in the brains of SKO mice (data not shown), DKO mice had significantly smaller hippocampi (9.31% average volume reduction, P < 0.05) than did control mice (control: 14.16 ± 0.19 mm 3 ; DKO: 12.84 ± 0.41 mm 3 (mean ± s.e.m.); P < 0.05; Fig. 1c) . The dentate gyrus in DKO mice showed a similar volume reduction (9.77% on average; control: 3.12 ± 0.07 mm 3 ; DKO: 2.82 ± 0.11 mm 3 (mean ± s.e.m.); P < 0.05; Fig. 1c ). These observations indicate that the reduction in volume of the hippocampus is directly proportional to the reduction in volume of the dentate gyrus in DKO mice. We used an unbiased optical fractionator and found that the total number of dentate gyrus granule cells is similar between DKO and control mice (control: 427.87 ± 44.10; DKO: 443.72 ± 34.40 (mean ± s.e.m.); P > 0.05; n = 5 for control and n = 6 for DKO). However, quantitative measurement of individual neuronal volume in the dentate gyrus indicated that DKO neurons were significantly smaller than those of control mice (control: 280.08 ± 6.98 µm 3 ; DKO: 254.95 ± 7.17 µm 3 (mean ± s.e.m.); P < 0.05; n = 5 for control and n = 6 for DKO). The dentate gyrus is one of the two CNS regions in which adult neurogenesis occurs. We performed an adult neurogenesis assay by BrdU labeling of adult neural stem cells and newly born neurons in the dentate gyrus and found no difference in neurogenesis between DKO and control mice (Supplementary Fig. 2) . Together, our results indicate that the difference in hippocampal volume between control and DKO mice is probably due to a reduction in the size of DKO neurons.
Next, we investigated the effect of Dnmt1 and Dnmt3a deficiency in forebrain excitatory neurons on synaptic function. We first examined hippocampal plasticity in Schaffer collateral-CA1 synapses. We studied CA1 long-term potentiation (LTP) and long-term depression (LTD) in littermate control, DKO and SKO mice. The late phase of Schaffer collateral LTP induced by 100-Hz tetanus was significantly attenuated (P < 0.05) in DKO mice (Fig. 2a and data not shown) . In addition, DKO mice showed enhanced induction of LTD using a stimulation protocol (1 Hz for 15 min) that normally fails to induce LTD in adult wild-type mice (P < 0.05; Fig. 2b ). By contrast, SKO mice showed neither LTP nor LTD abnormalities (Supplementary Fig. 3 ). Basal synaptic transmission does not differ between DKO mice and controls, as shown by plotting varying stimulus intensity (10-100 µA) against the presynaptic fiber volley amplitudes and postsynaptic a r t I C l e S f EPSP slopes (Fig. 2c,d ). Paired-pulse facilitation (PPF) studies across different inter-stimulus intervals (ISIs) revealed no differences between DKO and control mice (Fig. 2e) . Although it is still unclear whether the abnormalities in synaptic plasticity are mediated by pre-or postsynaptic mechanisms, our data indicate that Dnmt1 and Dnmt3a are required for normal synaptic plasticity.
Deficits in hippocampal learning and memory in DKO mice
As deficits in CA1 LTP are known to disrupt spatial learning, we next tested the mice on the hidden-platform version of the Morris water maze, a hippocampus-dependent learning and memory task. In this task, animals were trained to search for a submerged platform in a pool of water. After 4, 8 and 12 days of training (2 trials per day), we assessed spatial learning using probe trials in which the platform was removed from the pool, and the mice were allowed to search for 60 s (Fig. 3a) . Although Dnmt1 and Dnmt3a SKO mice performed normally in this task ( Supplementary Fig. 4 ), DKO mice took longer to find the platform during training (P < 0.05, two-way ANOVA; Fig. 3b ). When the platform was removed during the probe trials, DKO mice spent less time in the target quadrant than did littermate controls (P < 0.05; Fig. 3c ), indicating impaired spatial learning and memory ability. However, the swimming speeds of DKO and control mice were not significantly different from each other (Fig. 3d) .
Having determined that DKO mice show deficits in hippocampusdependent memory, we performed contextual fear-conditioning tests to investigate the acquisition and consolidation of memory. Although control and DKO mice behaved similarly in terms of memory acquisition (IM test; Fig. 3e,f) , DKO mice showed an impairment in memory consolidation (24-h test; Fig. 3f ). We found no behavioral defects in Dnmt1 or Dnmt3a SKO mice in the fear-conditioning test (Supplementary Fig. 5 ). This is consistent with the idea that Dnmt1 and Dnmt3a have redundant roles in the regulation of learning and memory in adult animals.
Upregulation of MHC I, Stat1 and other genes in DKO brain
Changes in gene expression are required for the late stages of longterm plasticity and for learning and memory consolidation. Previous studies have indicated that Reln and PP1, both of which are associated with learning and memory, are modulated by DNA methylation. Furthermore, infusion of the Dnmt inhibitors 5′−azadeoxylcytidine and zebularine paired with behavioral memory training triggers Mice were trained and tested immediately (IM/average for 3 min) and 24 h later in a conditioning chamber. (f) Contextual memory consolidation was measured by freezing frequency at 24 h. The acquisition was normal in DKO immediately after shock. Baseline, freezing before shock presentation; IM, freezing immediately after shock presentation. n = 21 DKO and n = 13 control mice in f. Data are presented as mean ± s.e.m. *P < 0.05; **P < 0.01. a r t I C l e S the upregulation of these two genes 17, 18 . We therefore performed quantitative real-time (qRT)-PCR analysis to determine whether the expression of Reln and PP1 is altered in the absence of both Dnmt1 and Dnmt3a. However, we found that the expression of these genes is normal in DKO hippocampi, indicating that alterations in the expression of these two genes are not the basis for the abnormalities in synaptic plasticity and learning and memory in DKO animals ( Supplementary Fig. 6 ). To identify novel target genes that are deregulated in the forebrains of DKO mice, we performed microarray analysis of genome-wide gene expression. Bioinformatics analysis showed that 84 genes (0.26%) were upregulated more than 1.5-fold, whereas 7 genes (0.02%) showed more than 1.5-fold downregulation. Gene-expression analysis of the DKO cortex showed that the highly upregulated genes are immune genes including MHC I and those involved in the complement system, as well as Stat1, a signaling molecule that is activated during interferon-gamma triggered immune responses ( Table 1 ). All these genes are important for synaptic function in the CNS and for learning and memory [26] [27] [28] . In situ hybridization showed that neuronal cells have enhanced MHC I transcripts (Fig. 4a) . The upregulated expression of MHC I and other immune genes was confirmed by qRT-PCR in adult hippocampi (Fig. 4b) and cortical tissues (data not shown). The induction of these immune genes seems to be a direct consequence of Dnmt1 and Dnmt3a deficiency in neuronal cells because the change in expression was noticed soon after the completion of Camk2a-cre-mediated deletion of Dnmt1 and Dnmt3a two weeks postnatally (Fig. 4d) , but not at P3 when Dnmt deletion was not complete (Figs. 1a,b and 4c) . Single Dnmt1 or Dnmt3a conditional mutant mice showed no significant changes in expression of these genes compared to controls (Supplementary Fig. 7 ), indicating that Dnmt1 and Dnmt3a have redundant roles in repressing these genes in neuronal cells.
To determine whether conditional deletion of Dnmt1 and Dnmt3a leads to cell-autonomous upregulation of MHC I and other immune molecules in the CNS, we examined gene expression in pure Dnmt1 2lox/2lox ; Dnmt3a 2lox/2lox hippocampal neuronal cultures by conditionally deleting both Dnmt1 and Dnmt3a with the infection of a r t I C l e S adeno-cre viruses (Fig. 4e) . We found that deficiency of both Dnmt1 and Dnmt3a in pure hippocampal neuron cultures also induced upregulation of MHC I and other immune genes. Thus, our data indicate that the upregulation of MHC I molecules in DKO forebrain neurons is probably a cell-intrinsic event.
Demethylation of neuronal genes in DKO forebrain neurons
Using phosphor-Stat1 immunohistochemistry 28 , we found that the active form of Stat1 was also concentrated in neuronal cell types in DKO mouse brain (Fig. 5a) . The neuronal upregulation of Stat1 and MHC Irelated immune genes in the forebrains of DKO mice could be due to a direct effect of promoter demethylation as a consequence of Dnmt1 and Dnmt3a deficiency or to an indirect cause involving transcriptional regulators of immune genes. We first examined whether DNA demethylation occurs in postmitotic neurons in the cortex and hippocampus of the DKO mice by looking at the candidate gene Stat1, which is involved in regulating neural plasticity 28 and in the interferon (IFN) pathway that mediates the induction of MHC I expression in neurons 29 . We previously showed that Stat1 expression is repressed by DNA methylation 15 . We therefore performed bisulfite sequencing analysis of the Stat1 promoter region. Although the methylation level at −400 to −750 bp of the Stat1 promoter was similar between DKO and control mice (Supplementary Fig. 8 ), we found a demethylated domain at −895 to −1,010 bp of the Stat1 promoter in DKO mice (Fig. 5b) . Interestingly, Dnmt SKO mice showed no decrease in methylation in the Stat1 promoter (Supplementary Fig. 8) , consistent with the notion that Dnmt1 and Dnmt3a compensate for each other in maintaining DNA methylation in SKO mice. We also found that DNA demethylation in this Stat1 promoter domain in DKO mice occurs as early as P14, when deletion of both Dnmt1 and Dnmt3a is just complete (Fig. 5c) . This result indicates that Dnmt1 and Dnmt3a are required for maintaining DNA methylation in CNS neurons from an early postnatal stage.
To determine whether demethylation in the Stat1 gene promoter is exclusive to neuronal populations, we isolated nuclei positive for the Fig. 9 ). Consistent with the neuron-specific deletion of the Dnmt genes, significant demethylation appeared only in neuronal populations with the NeuN marker and not in NeuN-negative controls cells (Fig. 5d) .
a r t I C l e S neuronal marker NeuN through NeuN live staining and fluorescenceactivated cell sorting (FACS) for methylation analysis (Supplementary
Having seen selective demethylation in the Stat1 gene promoter in DKO but not SKO mice, we decided to quantify potential reductions in total DNA methylation in DKO cortex and hippocampus through mass spectrometry analysis. We found that DKO cortex and hippocampus showed approximately 20% reduction in total methylcytosine levels (n = 4, P < 0.01; Fig. 6a ), indicating that demethylation in DKO neurons is widespread. Consistently, Dnmt SKO brain DNAs showed no significant decrease in the total methylcytosine level (Supplementary Fig. 10) , consistent with the idea that Dnmt1 and Dnmt3a have complementary roles in the maintenance of DNA methylation in the CNS.
To systematically identify what kind of neuronal genes are significantly demethylated in DKO forebrain neurons, we carried out a DNA methylation profiling experiment using methylated DNA immunoprecipitation (MeDIP). Using 5-methylcytosine antibodies for DNA immunoprecipitation and cross-hybridization to Agilent promoter arrays (covering 15,561 proximal gene regions mainly at −800 bp to +200 bp) 30 , we identified 161 candidate loci that would exhibit demethylation (based on established criteria 30 : Log2 > 0.2 and t-test P < 0.01 of hybridization signals of control and DKO tissues; Supplementary Table 1) . Using PANTHER classification categories (http://www.pantherdb.org), gene ontology analysis indicated that these 161 loci were enriched within promoters of genes of cytokine signaling, signal transduction or oxidoreductase gene categories (Fig. 6b) . We noticed that the 161 potentially demethylated promoters did not overlap with the list of 84 genes that are upregulated in DKO mice. We suspect that the minimal overlap could be due to the Figure 5 . Data as shown were from DKO and control mouse forebrains at 2-3 months old. Data are presented as mean ± s.e.m. Unpaired student t-test; *P < 0.05, **P < 0.01.
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technical limitations of the current MeDIP microarray, which was not sensitive enough to detect all demethylated regions. In addition, our promoter microarray mainly focused on the −800 bp to +200 bp proximal gene promoter regions, potentially missing out many more demethylated domains outside this 1-kb region. A perfect case is the absence of the corresponding array probe for the −895 to −1,010 bp domain on the Stat1 promoter, whose demethylation is correlated with an increase in Stat1 mRNA. In addition, promoter demethylation itself might not be sufficient to cause gene upregulation, as in the case of Dnmt1 −/− embryonic stem cells 30 . Finally, the MeDIP assay measures methylation in the population of all nuclei in the forebrain, which might not be correlated with the potential change in gene expression in a small subset of cortical and hippocampal neurons in DKO mice. Nevertheless, the identification of a list of potentially demethylated gene promoters allowed us to validate whether selective demethylation takes place in a subset of neuronal gene promoters. We therefore selected eight candidate genes for the confirmation of methylation changes. The choice of these eight genes was based on the potential roles for these genes in neuronal signaling or ion-channel functions. We found that six gene promoters (75% accuracy) showed demethylation changes in DKO mouse brain (Fig. 6c-f and unpublished data, J.F. and T.L.). Specifically, Kcne1, Dhh and Pten (analyzed in two regions) each showed 10-30% less methylation in DKO mice when compared with littermate control mice (three pairs). Together with mass spectrometry data, our MeDIP and bisulfite sequencing analysis support the notion that Dnmt1 and Dnmt3a are essential for keeping proper methylation patterns at certain genomic loci of postmitotic CNS neurons.
DISCUSSION
By conditionally deleting Dnmt1 and Dnmt3a exclusively in postnatal postmitotic neurons, our experiments provided the first direct evidence that DNA methyltransferases are required for the maintenance of neuronal DNA methylation, for proper control of gene expression, and consequently for synaptic plasticity, as well as learning and memory. Because Dnmt1 or Dnmt3a SKOs do not show the defects seen in DKOs, our results show that Dnmt1 and Dnmt3a have redundant roles in postmitotic neurons. Previously, the overlapping functions of different members of the Dnmts were observed in fast-dividing cancer cell lines or mouse embryonic stem cells. For example, DNMT3B and DNMT1 are known for their cooperative role in maintaining DNA methylation in colon cancer cells 31 . In mouse embryonic stem cells, Dnmt1 cooperates with Dnmt3a and Dnmt3b to maintain DNA methylation 32, 33 . In dividing cells, Dnmt1 is concentrated in the replicating foci during S-phase to maintain DNA methylation following DNA synthesis. Dnmt3a and Dnmt3b frequently associate with heterochromatin regions and co-localize with heterochromatin protein 1α (HP1) in a cell cycle-independent manner 34 . However, the localization of Dnmt1 and Dnmt3a in postmitotic CNS neurons appears to be in a diffuse pattern 7 (our unpublished data) as neuronal cells are arrested at the G0 phase of the cell cycle. How Dnmt1 and Dnmt3a carry out an overlapping function is still unclear. It is possible that Dnmt1 and Dnmt3a are co-localized or in the same methylation complex to maintain methylation patterns in postmitotic neurons. Alternatively, either Dnmt1 or Dnmt3a alone can recognize newly demethylated CpGs and carry out re-methylation function. Future studies with genome-wide location analysis of Dnmt1, Dnmt3a or Dnmt complexes in adult CNS neurons might resolve this question.
Our results show that Dnmt1 and Dnmt3a deficiency in forebrain neurons causes defects in synaptic plasticity as well as learning and memory. In humans, mutations in DNA methylation machinery are associated with mental retardation disorders. The notable examples include DNMT3B mutations for ICF syndrome and MECP2 mutations for Rett syndrome 2, 3, 5, 9, 24 . Thus, identifying the crucial learning and memory genes that are affected by Dnmt1 and Dnmt3a deficiency in mutant mice would be beneficial to our understanding of human disorders. Among those genes that are deregulated in DKO mice, we suspect that upregulation of immune genes, such as class I MHC 26 and Stat1 28 , in neurons might be relevant to the defects in learning and memory identified here. Neurophysiological abnormalities associated with MHC I-deficient mice have been reported, including enhanced LTP and loss of LTD 26, 35 . The DKO phenotype in this study includes upregulation of immune genes, loss of LTP and facilitated LTD, which is opposite to what has been observed in MHC I-deficient mice. In addition, the proposed roles of immune molecules in neuronal dendrite pruning and elimination 35, 36 are also consistent with our current observation that neurons in the DKO mouse brain are smaller than those of controls, which could be the result of a defect in dendritic pruning. It is still unclear how Dnmt1 and Dnmt3a deficiency in the forebrain leads to upregulation of MHC I and other immune genes. We note that demethylation-induced MHC I gene expression also takes place in cultured fibroblasts, indicating that DNA hypomemethylation-mediated MHC I upregulation is not unique to postmitotic neurons 37 . MHC I expression can be activated in neurons through the interferon gamma (IFNγ) pathway 29 . Our finding that the Stat1 gene is demethylated and upregulated in Dnmtdeficient neurons is consistent with the possibility that the cytokine signaling pathway might be involved in MHC I upregulation in hypomethylated neurons.
Our study showed that DNA demethylation takes place in postmitotic neurons in the absence of both Dnmt1 and Dnmt3a in vivo. How DNA demethylation takes place in postmitotic neurons is also uncertain. In plants, a DNA glycocylase-based demethylation mechanism has been identified. In mammals, several DNA demethylation pathways have been proposed (for example, via MBD2 38 , Gadd45a 39 and Gadd45b 23 ) and the most likely pathway for DNA demethylation in non-dividing neurons seems to be through base-excision repair. Indeed, it has been proposed that Dnmt1 in neuronal cells has a role in the maintenance of DNA methylation after DNA repair 40 . In neuronal cells, high levels of oxidative stress can cause oxidative deamination of 5′ methylcytosine (5mdC), leading to G:T mismatch. The G:T mismatch can activate the DNA base-excision/repair pathway and subsequently result in unmethylated C:G base pairing. More recently, it has been shown that neurons, but not non-neuronal cells, contain 5′hydroxyl-methylcytosine (5hmdC) 41 . The production of 5hmdC results from the oxidation of 5′methylcytosine (5mdC) by Tet1 enzymes 42 . We found that levels of total 5mdC and 5hmdC in control and DKO brain tissues are proportional to the total 5mdC levels (Supplementary Fig. 10 ), supporting the notion that 5hmdC is derived from hydroxylation of 5mdC substrate. A possible DNA demethylation pathway would involve a repair mechanism to convert 5hmdC into cytosine. Considering our findings that Dnmt1 and Dnmt3a have a redundant role in CNS neurons, we suggest that either Dnmt1 or Dnmt3a can prevent potential demethylation in neurons caused by DNA oxidation/repair pathways.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/. Accession codes. Microarray data are available at GEO (Gene Expression Omnibus, http://www.ncbi.nlm.nih.gov/prejects/geo/ index.cgi) with accession number GSE19367. a r t I C l e S Real-time PcR analysis. Total RNA was extracted using Trizol reagent (Invitrogen). RNA samples (1 µg) were treated with DNase I (Invitrogen) and reverse transcription was performed using iScript RT kit (Bio-Rad). The SybrGreen supermix kit (Bio-Rad) was used for real-time PCR. Threshold cycle (Ct) was determined on the linear phase. Results were normalized by Ct of 18 s. Relative gene expression fold difference was calculated by 2 − ∆normalized Ct . PCR primers are listed in Supplementary Table 2.
Immunohistochemistry. Immunohistochemistry was carried out as described 7 . The primary antibodies used in this experiment were rabbit anti-Cre (Covance, 1:3,000) and mouse anti-NeuN (Chemicon, 1:300). Activated phosphor-Stat1 (Abcam, 1:500) immunohistochemistry was also performed as described 28 .
Southern blot analysis. DNA samples were extracted from brain tissues, and 10 µg DNA samples were digested by SpeI restriction enzyme, were subjected to electrophoresis and transferred to a positive-charged Hybond membrane. The DNA probe 11 was labeled with 32 P dCTP using the Prime-It II Random Primer Labeling Kit (Stratagene). Hybridization was performed with the Quickhyb kit (Stratagene). PhosphorImager was used for hybridization detection.
BrdU labeling. BrdU (Sigma) was injected intraperitoneally every two hours for five injections at 10 mg per kg body weight. Twelve hours after the first injection, the mice were cardiac perfused with 4% paraformaldehyde. Then they were postfixed and cryoprotected as usual. Sections were cut and stained for BrdU antibody by using Vectastain Elite ABC kits (Vector) with DAB as substrate. The BrdU + cells at the subgranular zone of the dentate gyrus were counted as described 44 . In brief, four sections from each mouse at comparable rostrocaudal levels were counted. Four mice per genotype were used.
Stereology. We cut 40-µm-thick coronal sections of hippocampi. A series of sections (10-12 sections per brain; 240 µm apart or 1 in 6) were randomly picked. The slides were mounted and went through cresyl violet staining. The structures were then traced and contoured under a 5× objective. The volume was determined using the Cavalieri protocol (StereoInvestigator; MicroBrightField). The absolute granule cell number was also estimated using an optical fractionator as described 45 . Counting frames of 15 µm × 15 µm × 40 µm were used in a 100 µm × 100 µm matrix and were randomly superimposed onto the dentate gyrus. The nucleator program was used for neuronal cell body size measurement as described 46 . The counting frame used was 15 µm × 15 µm and the sampling grid was 100 µm × 100 µm. The coefficient of sampling error (Gundersen's CE, m = 1) was used to determine the precision of the estimates or sampling variation within each brain. The CE was controlled to be less than 0.10.
electrophysiology. Animals were killed using a guillotine. The brain was immersed in ice-cold cutting saline before isolation of the caudal portion containing the hippocampus and entorhinal cortex. Transverse slices (400 µm) were prepared with a Vibratome. After isolation, cortical tissue was removed and hippocampal slices were equilibrated in a mixture of 50% cutting saline and 50% artificial cerebrospinal fluid (ACSF) at room temperature. Slices were further equilibrated in 100% ACSF for 45 min at room temperature, followed by a final incubation in 100% ACSF at 32 °C for 1 h. All solutions were saturated with 95%/5% O 2 /CO 2 . Electrophysiology was performed in an interface chamber. Oxygenated ACSF was perfused into the recording chamber at 1 ml min −1 . Electrophysiological traces were digitized and stored using Digidata and Clampex software (Axon Instruments). Extracellular stimuli were administered on the border of areas CA3 and CA1 along the Schaffer collaterals. fEPSPs were recorded in the stratum radiatum. The relationship between fiber volley and fEPSP slopes over various stimulus intensities was used to assess baseline synaptic transmission. All subsequent experimental stimuli were set to an intensity that evoked a f EPSP that had a slope of 50% of the maximum f EPSP slope. Slices were stimulated for at least 10 min to generate baseline values before LTP or LTD induction. LTP was induced with 1 pair of 100-Hz tetani (1 s each, separated by 20 s). LTD was elicited with a 1-Hz protocol (900 pulses, 15 min). The results were analyzed by two-way ANOVA with repeated measures. Post-hoc comparisons after two-way ANOVA were made using the method of Bonferroni.
For synaptic transmission experiments, all test stimuli and tetanus pulses were 100 µs in duration and 1/2-2/3 maximal stimulation strength. For measurement of PPF, we used different ISIs. Statistical comparisons were made with n indicating the number of slices.
morris water maze behavioral test. During the training trials of the hiddenplatform version of the Morris water maze test, the platform location was fixed and submerged under opaque water. Mice were trained with two trials per day (1 min per trial) for 12 days. During each trial, the mouse was released into the water maze at a pseudo-random starting position. The trial ended when either the mouse climbed onto the platform or a maximum of 60 s elapsed. The mouse was then kept on the platform for 5 s. A 60-s probe test was conducted at the end of training on days 4, 8 and 12, in which the platform was removed from the pool.
contextual fear conditioning. Training consisted of placing the mice in a conditioning chamber and presenting a shock (2 s, 0.75 mA) 2 min later. Mice remained in the chamber for an additional 3 min. The mice were placed back in the same chamber and tested for contextual fear conditioning 24 h later. Our index of memory, freezing (the cessation of all movement except for respiration), was assessed by an automated scoring system (Med Associates) with a 30 frames per s sampling; freezing was counted if the mouse froze continuously for 1 s or more. microarray analysis. Forebrains (cortex and hippocampus) from gendermatched, 2-3-month-old mice were used for total RNA measurement using Trizol. Antisense RNAs (cRNAs) were converted and fluorescently labeled using an Agilent low RNA input fluorescent linear amplification kit according to the manufacturer's instructions. The resulting labeled cRNA probes were combined and hybridized to the same Agilent 44K mouse gene expression array. The hybridization was stopped after 17 h of incubation at 65 °C with rotation speed at 4 rpm. The slides were washed and scanned. The resultant data were retrieved by Agilent feature extraction software 8.5 and analyzed by FOCUS software.
In situ hybridization. Riboprobes were labeled with [α- 35 S]UTP using the riboprobe combination system kit (Promega) and then purified with the RNeasy Kit (Qiagen). The probe plasmid was a gift from S. Nelson (University of California Los Angeles, Los Angeles, California, USA). Cryostat sections (15 µm) were washed/incubated in the following series of solutions at room temperature: 0.1 M glycine in 0.1M PB; 0.1M PB; acetic anhydride/TEA buffer; SSC; 50, 70, 95, and 100% ethanol solutions; chloroform; 100 and 95% ethanol. Then probes were added onto the slides. Hybridized slides were incubated at 60 °C overnight. Slides were then washed in series of SSC solutions and rinsed in water. Hybridized slides were pressed against a film for 4-5 days before dipping in Kodak NTB2 emulsion. Following exposure to emulsion at 4 °C the slides were developed, stained with cresyl violet, attached to coverslips, and photographed.
Hippocampal neuron cultures and adeno-virus infection. Mouse hippocampal neurons were isolated at E15.5 as described 47 . The culture dishes were coated with poly-DL-ornithine and laminin. The hippocampal neurons were cultured in Neurobasal medium supplemented with glutamine, antibiotics and B27 (Invitrogen). The hippocampal cultures were infected with adeno-cre virus at 3 days in vitro (DIV) with adeno-GFP virus infection as control 11 . methylation analysis. Genomic DNA was digested by BglII enzyme and treated with sodium bisulfite 7 . After DNA cleaning with Wizard DNA cleanup kit (Promega), either nested or touchdown PCRs were carried out. The PCR products
